Issa ME, Muruganandan S, Ernst MC, Parlee SD, Zabel BA, Butcher EC, Sinal CJ, Goralski KB. Chemokine-like receptor 1 regulates skeletal muscle cell myogenesis. Am J Physiol Cell Physiol 302: C1621-C1631, 2012. First published March 28, 2012; doi:10.1152/ajpcell.00187.2011.-The chemokine-like receptor-1 (CMKLR1) is a G protein-coupled receptor that is activated by chemerin, a secreted plasma leukocyte attractant and adipokine. Previous studies identified that CMKLR1 is expressed in skeletal muscle in a stage-specific fashion during embryogenesis and in adult mice; however, its function in skeletal muscle remains unclear. Based on the established function of CMKLR1 in cell migration and differentiation, we investigated the hypothesis that CMKLR1 regulates the differentiation of myoblasts into myotubes. In C2C12 mouse myoblasts, CMKLR1 expression increased threefold with differentiation into multinucleated myotubes. Decreasing CMKLR1 expression by adenoviral-delivered small-hairpin RNA (shRNA) impaired the differentiation of C2C12 myoblasts into mature myotubes and reduced the mRNA expression of myogenic regulatory factors myogenin and MyoD while increasing Myf5 and Mrf4. At embryonic day 12.5 (E12.5), CMKLR1 knockout (CMKLR1 Ϫ/Ϫ ) mice appeared developmentally delayed and displayed significantly lower wet weights and a considerably diminished myotomal component of somites as revealed by immunolocalization of myosin heavy chain protein compared with wild-type (CMKLR1 ϩ/ϩ ) mouse embryos. These changes were associated with increased Myf5 and decreased MyoD protein expression in the somites of E12.5 CMKLR1 Ϫ/Ϫ mouse embryos. Adult male CMKLR1 Ϫ/Ϫ mice had significantly reduced bone-free lean mass and weighed less than the CMKLR1 ϩ/ϩ mice. We conclude that CM-KLR1 is essential for myogenic differentiation of C2C12 cells in vitro, and the CMKLR1 null mice have a subtle skeletal muscle deficit beginning from embryonic life that persists during postnatal life. C 2C12 cells; chemerin; skeletal muscle; differentiation; myogenic regulatory factors THE CHEMOKINE-LIKE receptor-1 (CMKLR1) protein is a G protein-coupled receptor that is expressed in immune cells, including macrophages and dendritic cells (37-39). CMKLR1 mRNA is also highly expressed in white adipose tissue, with intermediate levels in heart, lung, and placenta and lower levels in most other tissues, including skeletal muscle (7, 8) . The endogenous ligand for CMKLR1 is chemerin, a secreted protein that is present in plasma, serum, and inflammatory fluids (7, 23, 37, 40) . While it is clear that white adipose tissue and liver are important sources of circulating active chemerin (8, 21, 23, 28, 32, 36) , chemerin is also produced by skeletal muscle, fetal intestinal epithelial cells, platelets, keratinocytes, and vascular endothelial cells where it may affect local physiological and pathological processes (6 -8, 14, 19, 24, 29, 30, 35).
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In addition to its role as a leukocyte chemoattractant, our studies have identified a second important function for chemerin/CMKLR1 signaling in the terminal differentiation of cells of mesenchymal origin. Initially, we reported that CM-KLR1 is required for the differentiation of 3T3-L1 preadipocytes into lipid-containing adipocytes (8, 20) . Furthermore, in a more physiological model of adipogenesis, primary mouse bone marrow stromal cells (bMSCs) lacking functional CM-KLR1 or chemerin were also impaired in adipogenesis, and instead were diverted to differentiate into osteoblastogeniclineage cells (21) . Together these results reflect the importance of functional chemerin/CMKLR1 signaling in adipogenesis and in directing the terminal differentiation of multipotent bMSCs.
A recent study by Harewood et al. (12) characterized CM-KLR1 expression in the developing embryonic limb bud. CMKLR1 was first detected at embryonic (E) day 9.5 in the mesenchyme and myotome, followed by expression in migratory myoblasts at E10.5. At E11.5-12.5, CMKLR1 was expressed around the forming bone of the limbs. At E14.5, CMKLR1 was expressed within the muscle of the developing limb as well as within other muscle tissues, including the intercostal and facial muscles, tongue, diaphragm, and the body cavity wall (12) . Given the site and stage-specific expression of CMKLR1 in developing muscle, and its role in the terminal differentiation of adipocytes and osteoblasts, we explored the hypothesis that CMKLR1 regulates the differentiation of myoblasts into skeletal muscle myotubes in vitro and in vivo.
EXPERIMENTAL PROCEDURES
Mouse C 2 C 12 myoblast cell culture. C 2 C 12 myoblasts were obtained from the American Tissue Culture Collection (Manassas, VA). C 2 C 12 cells were grown in Dulbecco's modified Eagles medium (DMEM, phenol red-free) supplemented with 10% fetal bovine serum (Thermo Scientific, Ottawa, ON, Canada), 100 IU/ml penicillin, 250 g/ml streptomycin (Invitrogen, Burlington, ON, Canada), and 1 mM sodium pyruvate (Sigma, St. Louis, MO). The growth medium was changed every 2 or 3 days, and the cells were maintained in a standard humidified atmosphere supplemented with 5% CO 2 at 37°C.
RNA isolation and quantitative polymerase chain reaction analysis. Adult male mice were killed with 90 mg/kg pentobarbital sodium. Skeletal muscle and white adipose tissue were isolated and snap-frozen in liquid nitrogen. Total RNA was isolated from tissues or from C 2 C 12 cell lysates using the RNeasy Mini Kit (Qiagen, Mississauga, ON, Canada) according to the manufacturer's instructions. Total RNA (1 g) from tissues or cells was reverse-transcribed using Stratagene Reverse Transcriptase (Stratagene, Cedar Creek, TX). One microliter of the cDNA product was amplified by quantitative PCR using 125 nM gene-specific primers (Table 1) in a total volume of 20 l using the QuantiFast SYBR Green PCR Kit (Qiagen) and a Stratagene MX3000p Thermocycler. Relative gene expression was normalized to cyclophylin A using the ⌬⌬C T method (15) .
Quantitative analysis of bioactive chemerin in C 2 C 12 cell media. To quantify bioactive chemerin in the cell media, we utilized a cell-based CMKLR1 reporter assay that specifically and quantitatively measures CMKLR1 activation by chemerin (1, 23) . C 2 C 12 cell growth media from the confluent myoblast stage (day 0) and at days 3, 5, and 8 of differentiation were replaced with serum-free media. After a period of 24 h, this conditioned media was collected for the chemerin bioassay. Conditioned media (serum free, 24 h incubation) from mature 3T3-L1 adipocytes (day 8) were used as a positive control (8, 9) . Recombinant mouse chemerin (R&D Systems, Minneapolis, MN) was used to generate a standard curve. The apparent concentration of chemerin in C 2 C 12 media, [S] app , was calculated for each sample by Eq. 1 where V is the measured sample activity and K m and V max are the constants determined by nonlinear regression fit of the chemerin standards to the Michaelis-Menten equation.
Adenoviral small-hairpin RNA interference. CMKRL1 smallhairpin RNA (CR-shRNA) vectors were used to decrease the expression of CMKLR1 in C 2 C 12 cells as previously described (8, 9, 21) . A LacZ small-hairpin RNA (LZ-shRNA) adenovirus vector expressing an small-hairpin RNA (shRNA) targeting bacterial ␤-galactosidase was used as a control for nonspecific effects of adenoviral shRNA. For the CMKLR1 knockdown experiments, C 2 C 12 cells were plated on 12-well plates (Corning, NY) and allowed to grow to confluence. A polybrene (Sigma)-assisted procedure was used to transduce confluent C 2 C 12 myoblasts with the CR-and LZ-shRNA vectors. The adenoviral transduction media was prepared by adding CRand LZ-shRNA adenoviral lysates [multiplicity of infection (MOI) ϭ 500 -1,000] to serum-free media that contained 6 g/ml of polybrene. The viral transduction media was preincubated for 5 min at room temperature before applying it to the C 2 C 12 cells. C 2 C 12 growth media was aspirated, and the cells were washed one time with 500 l of PBS followed by the addition of 500 l of the viral transduction media to each well. After 24 h, 1 ml of normal growth media was added to each well and incubated for another 24 h, after which the cells were maintained in the growth media.
Immunofluorescence detection of myosin heavy chain and phalloidin staining of F-actin in C 2 C 12 cells. C 2 C 12 cells were plated on 96-well thin bottom plates (Corning) and upon reaching confluence were transduced with CR-and LZshRNA. On days 0, 3, 5, and 8 after shRNA treatment, the cells were fixed in 40 l of 4% paraformaldehyde (PFA). The PFA-fixed cells were rinsed with 40 l of PBS for 5 min, permeabilized with 0.1% vol/vol Triton X-100 for 5 min, and incubated in standard blocking solution (10% vol/vol goat Myogenic index. The myogenic index is defined as the number of nuclei within the MHC-positive cells containing three or more nuclei, divided by the total number of nuclei in the field. Two individuals counted the nuclei in four sample replicates for each treatment group. The counts from both individuals were averaged and expressed as the percentage of total nuclei incorporated into myotubes (34, 41) .
Creatine kinase activity. Confluent C 2 C 12 myoblasts grown on 12-well plates were transduced with CR-and LZ-shRNA according to the protocol described above. On days 0, 3, 5, and 8, C 2 C 12 cells were washed one time with 1 ml of PBS, 500 l of serum-free DMEM were added to each well, and the cells were scraped from the wells and stored at Ϫ20°C. The cell suspensions were homogenized, and creatine kinase activity was measured according to the manufacturer's instructions (Bioassay Systems, Hayward, CA). The creatine kinase activity was recorded as units per liter and normalized to total homogenate protein, independently determined by the Lowry assay (16) .
Glucose uptake assay. The cellular uptake of 2-[ 3 H]deoxyglucose (1 mCi/ml; Perkin-Elmer Life and Analytical Sciences, Waltham, MA) was measured as previously described (9) . The radioactivity in each sample was counted using a ␤-scintillation counter (LS6500 Liquid Scintillation Counter; Beckman Coulter, Fullerton, CA). The counted radioactivity was recorded as disintegrations per minute and normalized to the total protein in each sample, independently determined by the Lowry assay.
Animals and housing. Procedures involving mice were approved by the Dalhousie University Committee on Laboratory Animals and performed according to the guidelines of the Canadian Council on Animal Care. CMKLR1 knockout mice were originally obtained from Deltagen and fully backcrossed (nine generations) onto the C57BL/6 background (10). Homozygous (CMKLR1 Ϫ/Ϫ ), heterozygous (CMKLR1 ϩ/Ϫ ), and wild-type (CMKLR1 ϩ/ϩ ) mice were bred in-house in the Carleton Campus Animal Care Facility. The mice were kept on a 12:12-h day-night cycle, were housed in cages lined with pine bedding, and had free access to water and Purina mouse chow.
Generation of wild-type and CMKLR1-deficient mouse embryos. Timed matings were set up between CMKLR1
ϩ/ϩ male, and CMKLR1 ϩ/ϩ female ϫ CMKLR1 ϩ/ϩ male mice to respectively generate homozygous CMKLR1
, and homozygous CM-KLR1
ϩ/ϩ wild-type mice. The animals were set for mating in the evening and inspected for vaginal plugs the following day. Noon on the day of vaginal plug detection was considered as 0.5 gestational day and thus the age of the embryo was designated as E0.5. Females were killed, and the embryos were harvested at E12.5 and E20.5. CMKLR1 Ϫ/Ϫ , CMKLR1 ϩ/Ϫ , and CMKLR1
ϩ/ϩ embryos were individually weighed and analyzed.
Immunohistochemical localization of MHC, MyoD, and Myf5 proteins in mouse embryos. For immunofluorescent detection of Myf5, MyoD, and MHC proteins, E12.5 embryos were fixed in 10% neutral buffered formalin for 48 h, dehydrated, embedded in paraffin, and sectioned at 5 m thickness. The sections were deparaffinized, rehydrated, and microwaved to boil in 10 mM citrate buffer two times for 30 s and cooled at room temperature for 20 min for antigen retrieval. The sections were blocked by incubation with 10% goat serum and 1% BSA in PBS for 1 h. To detect embryonic Myf5, MyoD, and MHC, the slides were incubated with the primary Myf5 (SAB4501943; Sigma), MyoD (sc-32758; Santa Cruz Biotechnology), and MHC (M4276, Clone MY-32; Sigma) antibodies overnight at 4°C in a humidified chamber followed by a series of three washes in PBS and incubation with the goat anti-mouse IgG (A11018; Invitrogen) and goat anti-rabbit (A11008; Invitrogen) secondary antibodies conjugated with Alexa Fluor 546 and Alexa Fluor 488 for 1 h at room temperature. After this, the sections were washed again in PBS three more times and counterstained with Hoechst 33258. The sections were visualized under a fluorescent microscope, and images were captured using a Leica DFC 500 image capturing system. Normal rabbit IgG (sc-2027; Santa Cruz Biotechnology) and normal mouse IgG 1 (sc-3877; Santa Cruz Biotechnology) isotype controls did not show any nonspecific fluorescence, confirming the specificity of the antibodies (data not shown).
Dual-energy X-ray absorptiometry. Dual-energy X-ray absorptiometry (DEXA) was used to measure body composition of 9-wk-old male mice according to previously established procedures (22) . Anesthetic induction was performed with 4% isoflurane/O 2 , and anesthesia was maintained during the procedure with 2% isoflurane/O 2 . The anesthetized mouse was placed on the scanner platform of the DEXA (Lunar PIXImus; GE Medical Systems) and arranged so that forearms and hind legs were facing caudal toward the tail. The tail itself was positioned to sit tightly beside the right forearm. After the DEXA scan was complete, a region of interest (ROI) was established encompassing the animal body (i.e., subcranial body composition), thus eliminating the high lipid content of the brain from analysis. A report of bone-free lean mass and fat mass was determined utilizing the ROI.
Data analysis. For each cell culture experiment, the individual treatments were performed in triplicate or quadruplicate. Unless otherwise stated, each cell culture experiment was repeated two or three times. All data are expressed as means Ϯ SE. A one-way ANOVA was used for multiple comparisons in experiments with one independent variable. A two-way ANOVA was used for multiple-comparison procedures in experiments with two independent variables. A Bonferroni test was used for post hoc analysis of the significant ANOVA. A difference in mean values between groups was considered to be significant when P Յ 0.05.
RESULTS

CMKLR1
and chemerin mRNA expression increase with myogenic differentiation of C 2 C 12 skeletal myoblasts. The C 2 C 12 skeletal myoblast cells, upon reaching confluence (day 0), spontaneously undergo differentiation (days 3-5) into elongated skeletal myotubes (day 8) (Fig. 1A) . CMKLR1 expression was low but detectable in confluent myoblasts (day 0), increased approximately threefold by days 3 and 5, and then declined toward basal levels on day 8 (Fig. 1B) . Chemerin expression was lowest in confluent myoblasts and increased progressively by ϳ20-fold as the cells differentiated into myotubes (Fig. 1C) . Although chemerin mRNA expression increased significantly with myogenesis, its relative levels in myotubes were 150-fold less than the level detected in mature 3T3-L1 adipocytes (Fig. 1C) . The apparent bioactive chemerin protein concentration in conditioned media from C 2 C 12 cells was ϳ0.02 nM in undifferentiated myoblasts (Fig. 1D) . Despite the differentiation-associated increase in chemerin mRNA, there was no significant change in the media bioactive chemerin protein through C 2 C 12 cell differentiation into myotubes (Fig. 1D) . Furthermore, the bioactive chemerin level in conditioned media from myotubes was ϳ1,000-fold less than the level of bioactive chemerin detected in media from mature adipocytes (Fig. 1D) .
CMKLR1 knockdown impairs myogenesis in vitro. To address the hypothesis that CMKLR1 regulates the differentiation of C 2 C 12 myoblasts into myotubes, we used an established adenoviral shRNA approach to reduce CMKLR1 expression (8, 21 ). An MOI of 500 provided the optimal dose of CR-shRNA to knock down CMKLR1 in C 2 C 12 myoblasts while minimizing off-target effects (data not shown). The 500 MOI CRshRNA treatment on day 0 (confluent myoblasts) abolished the expression of CMKLR1 mRNA in C 2 C 12 cells, with nearly Fig. 2 . Inhibition of CMKLR1 expression by adenoviral-mediated delivery of CMKLR1 small-hairpin RNA (shRNA). Confluent C2C12 myoblasts (day 0) were transduced with adenoviral lysates that contained 500 multiplicity of infection of CMKLR1-shRNA (CR500) or control LacZ-shRNA (LZ500) or transduction vehicle control (VEH) and then cultured under differentiationpermissive conditions. CMKLR1 was measured by QPCR on days 0, 3, 5, and 8 and normalized to the expression of the reference gene cyclophilin A. Gene expression in the day 0 cells served as the reference (expression ϭ 1.0) to which the other treatments were compared. Each symbol represents the mean Ϯ SE of 6 -8 samples pooled from two independent experiments. *P Ͻ 0.05 compared with the VEH and LacZ shRNA (LZ-shRNA)-treated cells at the indicated time points, two-way ANOVA followed by Bonferroni multiplecomparison test. complete (Ͼ95%) gene knockdown persisting through days 3-8 of differentiation (Fig. 2) .
Using MHC immunostaining, we examined the effects of CR-shRNA knockdown on the differentiation of C 2 C 12 myoblasts into multinucleated myotubes. MHC protein was not detected in confluent myoblasts at day 0 (Fig. 3A) . Vehicle control and LZ-shRNA-treated cells showed a similar progressive increase from day 3 to day 8 posttreatment of elongated and multinucleated myotubes that stained positive for MHC (Fig. 3B) . In contrast to the control groups, the MHC-positive cells detected in the CR-shRNA-treated group failed to fuse into myotubes and had a short, swollen, spindle-shaped appearance (Fig. 3B) . To confirm the defect in myotube formation induced by CMKLR1 knockdown, we stained the shRNA-transduced C 2 C 12 cells on day 8 of differentiation with tetramethylrhodamine phalloidin, an Factin-specific stain. Vehicle control and LZ-shRNA transduced cells formed organized, elongated multinucleated myotubes (Fig. 3C) . In contrast, CR-shRNA-transduced cells were substantially shorter in length, rounded in appearance, and unorganized relative to the vehicle or knockdown control cells (Fig. 3C) . This profound defect in myotube formation was reflected quantitatively in the 90% reduction in myogenic index in the CR-shRNA-treated cells compared with the vehicle and LZ-shRNA controls (Fig. 3D) .
CMKLR1 knockdown alters the expression of muscle-specific genes during myogenesis. We next determined if CM-KLR1 knockdown altered the expression of key myogenic genes during C 2 C 12 myoblast differentiation (Fig. 4) . Expression of the myogenic regulatory factors (MRFs) myogenin, MyoD1, and Mrf4 increased throughout myogenesis in the vehicle control and LZ-shRNA transduced cells, whereas CRshRNA significantly reduced the differentiation-dependent expression of myogenin by 70% and MyoD1 by 35% in day 8 myotubes. In contrast, CMKLR1 knockdown increased expression of Mrf4 and Myf5 by three-and fivefold, respectively, compared with the vehicle and LZ-shRNA controls in day 8 myotubes. CMKLR1 knockdown reduced expression of muscle contractile genes MyH1 in day 8 myotubes by 70% and vimentin in day 3 and day 5 myoblasts compared with the vehicle and LZ-shRNA controls. CMKLR1 knockdown had no significant effect on the expression of muscle filament genes ␤-actin, desmin, or ␣-actin throughout myogenesis. Compared with controls, CR-shRNA treatment inhibited the expression of cell fusion genes integrin-␤1 and calpain 3 on day 5 of myogenic differentiation.
The effects of CMKLR1 knockdown on metabolic pathways in C 2 C 12 cells. We next investigated if the loss of CMKLR1 affected energy production or glucose uptake in C 2 C 12 cells. Creatine kinase is a marker of energy production and activity in myogenic cells (Fig. 5A) (34) . As expected, creatine kinase activity was minimal in undifferentiated myoblasts and increased with myogenesis. However, CMKLR1 knockdown did not significantly affect creatine kinase activity compared with the LZ-shRNA controls at any time point. In comparison, CMKLR1 knockdown enhanced the basal and insulin-stimulated uptake of glucose (Fig. 5B) .
Effect of CMKLR1 deficiency on embryonic mouse weight and MHC and MRF expression. Given the severe defect in C 2 C 12 myoblast differentiation triggered by CMKLR1 knockdown in vitro, we next asked if CMKLR1-deficient mice presented with muscle defects in vivo. The offspring of crosses between homozygous CMKLR1 Ϫ/Ϫ mice or between CMKLR1
Ϫ/Ϫ and CMKLR1 ϩ/ϩ mice were viable homozygous CMKLR1
Ϫ/Ϫ and heterozygous CMKLR1 ϩ/Ϫ offspring, respectively, as previously reported (10). When we examined the CMKLR1 ϩ/Ϫ and CMKLR1 Ϫ/Ϫ embryos at various stages of development, we found that the wet weights of CMKLR1 ϩ/Ϫ and CMKLR1 Ϫ/Ϫ embryos were 9.6 and 12% lower at E12.5 and 7.8 and 13% lower at E20.5, respectively, compared with wild-type controls (Fig. 6A) . The CMKLR1 heterozygous and homozygous knockout embryos were noticeably smaller than wild-type controls as shown by the representative images of the E12.5 and E20.5 embryos (Fig. 6, B and  C) . Furthermore, the significantly reduced E12.5 and E20.5 embryo mass appeared to persist into adulthood, since 9-wkold male CMKLR1 Ϫ/Ϫ mice had lower total body mass and bone-free lean body mass than CMKLR1 ϩ/ϩ mice ( Table 2) . We next examined E12.5 whole embryo sections from CM-KLR1
, and CMKLR1 Ϫ/Ϫ mice for evidence of abnormal skeletal muscle development by staining for Myf5, MyoD, and MHC proteins in the myotomal region of trunk somites. In representative images of DAPI-counterstained E12.5 embryonic cross sections, the CMKLR1 Ϫ/Ϫ embryos appear smaller and generally less developed compared with the CMKLR1 ϩ/ϩ and CMKLR1 ϩ/Ϫ mice at the same embryonic stage (Fig. 6D) . Immunohistochemical staining of Myf5 was localized to cell nuclei, and the Myf5-positve cells appeared generally dispersed throughout the somites. In the somites of the CMKLR1 Ϫ/Ϫ mice, there were more Myf5-positive cells, and the Myf5 staining appeared more intense compared with the CMKLR1 ϩ/ϩ and CMKLR1 ϩ/Ϫ embryos (Fig. 6E) . The cellular localization of MyoD was primarily nuclear, but, unlike Myf5, the MyoD-positive cells were restricted to the myotomal component of somites and were reduced in the CMKLR1 knockout compared with wild-type and heterozygous E12.5 embryos (Fig. 6F) . At E12.5, MHC showed a similar localization of staining compared with MyoD (Fig. 6G) . The cellular localization of MHC was cytoplasmic, and the presence of differentiated myotubes is evident from the appearance of many long spindle-like shaped cells (Fig. 6G) . Like for MyoD, the area of MHC-positive staining in the
Ϫ/Ϫ embryos is markedly limited in distribution compared with wild-type and heterozygous embryos.
Finally, we examined the gene expression profile of key myogenic genes in adult mouse skeletal muscle. Similar to C 2 C 12 myoblasts, skeletal muscle from 12-wk-old adult CMKLR1 Ϫ/Ϫ mice expressed significantly lower levels of MyoD1, significantly higher levels of Myf5, and showed a trend toward lower myogenin expression compared with the wild-type controls (Fig. 7) .
DISCUSSION
Herein we report that the loss of CMKLR1 expression by C 2 C 12 myoblasts impairs effective myogenesis in vitro and that CMKLR1 deficiency in vivo is associated with alterations in embryonic musculature, reduced embryo mass, and reduced lean mass and body weight in adult mice. In previous studies, we showed that CMKLR1 is required for proper adipogenesis in 3T3-L1 cells, primary bMSCs, and preosteoblast 7F2 cells (8, 21) . CMKLR1 knockdown also increased the propensity of bMSCs to adopt an osteoblastogenic phenotype (21) . Taken together with these earlier findings, our current results support a general role for CMKLR1 in directing the terminal differentiation of multiple cell lineages, including osteoblasts, adipocytes, and now myoblasts. C 2 C 12 cells are a committed myoblast cell population that is predetermined to undergo terminal differentiation, activation of muscle-specific genes (e.g., myosin, actin, desmin, and troponin), and fusion to form elongated multinucleated myotubes (2). Our findings that the CR-shRNA-treated cells displayed normal myogenic-dependent changes in ␣-actin, desmin, and ␤-actin mRNA and increases in creatine kinase activity indicate that C 2 C 12 cells are capable of initiating some aspects of myogenic differentiation in the absence of CM-KLR1. In contrast, lower plateau levels of MyH1 mRNA, a reduced myogenic index, and an earlier decline in vimentin, an intermediate filament protein that normally decreases during myogenesis, would indicate that CMKLR1 influences the complete terminal differentiation into myotubes (26) . The unique phenotype produced by CMKLR1 knockdown in C 2 C 12 cells in our study is not unlike that previously observed in the mouse-derived skeletal muscle-like BC3H1 cell line. Under myogenic differentiation conditions, the BC3H1 cells turn on a number of muscle-specific genes, including creatine kinase, insulin receptors, MHC, and ␣-actin but are intrinsically defective for commitment to fusion and terminal differentiation into myotubes (3, 31, 33) . The ability of the C 2 C 12 cells to retain some characteristics of skeletal muscles cells in the face of reduced myogenesis also suggests that CMKLR1 function is important in specific myogenic pathways.
While we detected low apparent concentrations (20 pM) of bioactive chemerin in the C 2 C 12 cell media relative to 3T3-L1 adipocyte media, chemerin in the low picomolar to low nanomolar mediates biological responses through CMKLR1 (4, 6, 8, 17, 37) . Thus, the chemerin concentration in the C 2 C 12 media should be high enough for basal activation of the receptor providing for a mechanism whereby CMKLR1 knockdown inhibits C 2 C 12 cell myogenesis. The finding that knockdown of CMKLR1 in C 2 C 12 cells impairs myoblast differentiation in the presence of low endogenous bioactive chemerin is consistent with our previous finding that knockdown of CMKLR1 in preadipocytes (when bioactive chemerin levels are very low or undetectable) prevents those cells from undergoing adipogenesis (8) .
Myogenesis is executed by the conserved family of musclespecific basic helix-loop-helix transcription factors called MRFs, which include MyoD, Myf5, myogenin, and Mrf4 (25) . Work completed by Dedieu and coworkers (5) identified that inhibition of MyoD, Myf5, and myogenin with antisense oligonucleotides in C 2 C 12 cells blocks myogenic differentiation to varying degrees. Compared with the forced expression of MyoD, Myf5, Mrf4, and myogenin which convert nonmuscular cells into cells capable of myocyte fusion and muscle-specific gene expression (18) . Therefore, following CMKLR1 knockdown, it is possible that the elevation in Myf5, which precedes the changes in other MRFs, could prompt the cells to begin terminal differentiation. However, this effect is then opposed by a loss in myogenin and MyoD at later points leading to a failure of myocyte fusion, as demonstrated by the reduced myogenic index following CMKLR1 knockdown. In support of this idea, inhibition of myogenin in C 2 C 12 cells partially arrests myogenic fusion, whereas inhibition of MyoD completely arrests myogenic fusion in the presence of normal Myf5 expression (5). The reduction of integrin ␤ 1 and calpain 3, two genes implicated in skeletal muscle cell fusion, on day 5 post-CMKLR1 knockdown further supports a role for CM-KLR1 signaling in late-stage myogenic differentiation (27) .
In addition to the C 2 C 12 cell line, we have performed a preliminary analysis of myogenic differentiation of primary myoblasts isolated from skeletal muscle of 5-day-old CM-KLR1 ϩ/ϩ and CMKLR1 Ϫ/Ϫ mice (data not shown). Myotube formation appeared to be somewhat lower in the CMKLR1 Ϫ/Ϫ vs. CMKLR1 ϩ/ϩ myoblast cultures. We also detected clumps of aggregated cells on the edges of the fused CMKLR1 Ϫ/Ϫ myotubes, a phenotype that was not apparent in the CMKLR1 ϩ/ϩ myoblast cultures. The initial data support an altered myogenic phenotype in the absence of CMKLR1, but further experiments are required to confirm the findings.
Chemerin signaling through CMKLR1 has been reported to modify glucose homeostasis in vitro and in vivo. Sell et al. (28) found that chemerin-treated skeletal muscle cells displayed a minor decrease in basal glucose uptake and a significant decrease in insulin-stimulated glucose uptake (28) . We previously demonstrated that chemerin treatment exacerbated glucose intolerance in leptin and leptin receptor-deficient mice by decreasing skeletal muscle glucose uptake (7) . Coincidently, skeletal muscle CMKLR1 expression is significantly higher in skeletal muscle of ob/ob and db/db mouse models (7). Our present results, which show that CMKLR1 knockdown increased basal and insulin-stimulated glucose uptake in C 2 C 12 myotubes, are in agreement with these previous studies. Together, these results support the notion that activation of CMKLR1 signaling negatively modulates, whereas removal of CMKLR1 positively modulates, insulin-mediated glucose uptake into skeletal muscle cells.
Given the severe impairment of myoblast differentiation observed in vitro and previous reports of embryonic CMKLR1 expression in the limb bud mesenchyme and myotome (E9.5), migratory myoblasts (E10.5), and various other muscle tissue depots (E14.5), we investigated CMKLR1-deficient embryos and adult mice for muscular abnormalities (12) . The recent study by Harewood et al. (12) reported that CMKLR1 Ϫ/Ϫ knockout mouse embryos had no obvious limb phenotype. Similarly, our evaluation of embryonic mice revealed no overt limb phenotype in either the heterozygous or homozygous CMKLR1 knockout mice. However, our results are indicative of a generalized embryonic developmental delay in the absence of CMKLR1. Furthermore, we observed a diminished total area of MHC immunolocalization in the myotomal component of somites of E12.5 CMKLR1 Ϫ / Ϫ embryonic mice, which indicated the possibility of a subtle muscle developmental abnormality. Reduced skeletal muscle likely contributes to the low comparative weight of the CMKLR1 ϩ/Ϫ and CMKLR1 Ϫ/Ϫ embryos; however, at present, we cannot rule out accompanying changes in other tissues during development. Our observations that adult CMKLR1 Ϫ/Ϫ mice are smaller, have less bone-free lean mass, and, like CMKLR1-deficient C 2 C 12 cells, express higher Myf5, lower MyoD, and a trend to lower myogenin expression would suggest that the changes initiated in the embryonic stages persist into adulthood. A limitation of the CMKLR1 knockout mouse model is that we do not know for certain if the in vivo phenotypic changes to skeletal muscle specifically arise due to CMKLR1 ablation in skeletal muscle progenitors. There is the possibility of indirect effects due to loss of CMKLR1 in mesenchymal stem cells, hematopoietic cells, and/or other developing organs (8, 21, 37, 39) . This question may be resolved in the future through conditional CMKLR1 knockout in the myogenic lineage.
There is considerable redundancy in the function of myogenic transcription factors during skeletal muscle development. For instance, mice deficient in MyoD or Myf5 are viable and, respectively, only show subtle developmental delays in hypaxial and epaxial muscle development (13) . More recently, the overlapping functions of Myf5 and MyoD have been attributed to the presence of distinct Myf5-dependent and Myf5-independent cellular lineages in myogenesis. When the Myf5 lineage is depleted, myogenesis is sustained by MyoD-expressing myoblasts (11) . We observed a decrease in MyoD protein and an increase in Myf5 protein expression in the trunk somites at E12.5. Therefore, it is possible that the absence of a severe muscle deficiency in the homozygous CMKLR1 knockout mice reflects cellular compensation through an increase in the Myf5-myogenic cell lineage.
In conclusion, the results of this study reveal a novel involvement for CMKLR1 in myogenic differentiation in vitro and suggest an important role for CMKLR1 in proper muscle development in vivo. Ongoing research in our laboratories is focused on understanding how the embryonic alterations caused by CMKLR1 deficiency affect the development, function, and regeneration of skeletal muscle during postnatal life.
